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(57) ABSTRACT 

In a method for reconstruction of a three-dimensional image 
of an object scanned in linear or circular fashion in the 
context of a tomosynthesis. The object is transirradiated With 
X-rays from various projection angles 4) for the recording of 
the projection images, and the radiation exiting from the 
object is recorded by a detector that supplies digital output 
image signals. The output image signals representing the 
projection image data are supplied to a computer for image 
reconstruction. In the context of the reconstruction a ?lter is 
?rst produced, on the basis of the following steps: A 3D 
transmission function Hpmj-(rox,o)y,o)z) is calculated from the 
recording geometry for the individual projection image 
recording and the back-projection of the individual projec 
tion images into the 3D reconstruction image volume. By 
approximation, the 3D transmission function Hp,0-(o)x,o)y, 
00,) is inverted for the determination of an inversion unction 
Hinv(rox,o)y,ooz). A 3D ?ltering function HOP, rox,roy,o)z) is 
produced dependent on one or more desired image charac 
teristics of the reconstruction image. A resulting 3D ?ltering 
function H?lm oox,u)y,ooz) is determined by multiplication of 
the 3D ?ltering function HOP, (ox,u)y,o0Z) and the inversion 
function Hinv(rox,o)y,ooz). A 2D ?ltering function HzD?hem, 
(rowoov) is determined from the resulting 3D ?ltering func 
tion H?lm rowoov 00,) by coordinate transformation of the 3D 
object space into the 2D projection image space of the 
respective individual projection images at the projection 
angle 4). After calculating the ?lter, the reconstruction of the 
image takes place in the computer by application of the 2D 
?ltering function H2D?,,er)¢(o)u,o)v) to the associated indi 
vidual projection image data, and production of the recon 
struction image by back-projection of the ?ltered individual 
projection image data, into the 3D reconstruction image 
volume. 

50 Claims, 9 Drawing Sheets 
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METHOD FOR RECONSTRUCTING A 
THREE-DIMENSIONAL IMAGE OF AN 

OBJECT SCANNED IN THE CONTEXT OF A 
TOMOSYNTHESIS, AND APPARATUS FOR 

TOMOSYNTHESIS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to a method for reconstructing a 

three-dimensional image of an object or a subject scanned, 
preferably in linear or circular fashion, in the context of a 
tomosyntheisis procedure of the type Wherein during the 
scanning, several individual projection images located in a 
2D projection image space are recorded in the form of digital 
projection image data of the object located in a 3D object 
space, and are back-projected into a 3D reconstruction 
image volume in order to produce the reconstruction image, 
the object being irradiated With X-rays from various pro 
jection angles 4) for the purpose of recording the projection 
images, and Wherein the radiation exiting from the object is 
recorded using a detector that supplies digital output image 
signals, the output image signals representing the projection 
image data and being supplied to a computer for image 
reconstruction. 

2. Description of the Prior Art 
In medical imaging systems, it is knoWn to record an 

object tomosynthetically and to reconstruct it three 
dimensionally. Since in the tomosynthetic data recording the 
object to be imaged are projected onto a detector from only 
a feW spatial directions, the object scanning is incomplete. 
This is expressed in a poor depth resolution of the 3D 
reconstruction. In a simple back-projection (identical to the 
summation of displaced projection images, classical slice 
method), Without reconstructive corrections locus 
frequency-dependent artefacts are contained in the tomo 
grams. Given larger objects, these disturbances can be very 
extensive. 

The folloWing demands are placed on a good 3D recon 
struction: best possible suppression of structures foreign to 
the slice, de?ned slice behavior or characteristic, i.e. depth 
resolution independent of locus frequency, purposive con 
trolling of the characteristics of the reconstructed tomogram. 

In system-theoretical terms, the tomosynthetic imaging of 
an object distribution f(x, y, Z) to form a 3D reconstruction 
image g(x, y, Z) can be formulated as a convolution 
(indicated, as is standard, by the symbol *) of the object 
distribution With the point image function h(x, y, Z) of the 
imaging process: 

The point image function h(x, y, Z) describes both the 
“measurement process” (projection and back-projection) 
and also reconstructive measures, such as eg ?lterings. In 
the 3D Fourier space, the Fourier-transformed image G(u)x, 
(upon) is described by a multiplication of the Fourier 
transformed object distribution F(u)x,u)y,u)z) With the 3D 
transmission function (or Modulation Transfer Function 
MTF) H(u)x,u)y,u)z): 

With F(u)x,u)y,uuz) as the 3D Fourier transformation of the 
locus distribution f(x, y, Z) 

and analogously for the image g(x, y, Z) and the point image 
function h(x, y, Z). By modi?cation of the point image 
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2 
function h(x, y, Z) or of the Modulation Transfer Function 
H(u)x,u)y,uuz) the imaging process can be purposively in?u 
enced. 
The image quality of a reconstructed tomogram can be 

judged using the slice transmission function h(uux,u)y|Z) [D. 
G. Grant, TOMOSYNTHESIS: A Three-Dimensional 
Radiographic Imaging Technique, IEEE Trans. on Biomed. 
Eng. 19 (1972), 20—28]. 

The slice transmission function h(uux,u)y|Z) is a hybrid of 
a representation in the Fourier space and in the locus space. 
It indicates the spectral content (frequency response) With 
Which objects at a distance Z from the reconstruction plane 
contribute to the reconstruction image. For Z=0, it indicates 
the spectral content of the slice to be reconstructed, and for 
small Z it indicates the screen characteristic of a reconstruc 
tion slice of ?nite thickness, and for large Z, speci?cally in 
tomosynthesis, it indicates the locus-frequency-dependent 
feed-through of artefacts. The desired image characteristics 
(see above) can be formulated as folloWs using the slice 
transmission function. 
A good suppression of structures foreign to the slice 

signi?es a rapid decay of the slice transmission function 
h(uux,u)y|Z) into Z. 
De?ned slice behavior, i.e. a slice pro?le independent of 

the locus frequency, is achieved by a separation of the slice 
transmission function h(uux,u)y|Z) into a portion Hspectmm(uux, 
my), Which represents the spectral image content of the 
reconstructed tomogram, and into a portion hpr0?le(Z) that 
de?nes the slice pro?le. A complete separation is in general 
not possible in tomosynthesis, since as the locus frequencies 
decrease the scanning becomes increasingly incomplete. It is 
already a considerable advantage, hoWever, if a separation is 
achieved for a limited locus frequency region: 

In the literature, essentially the folloWing methods of 
reconstruction in tomosynthesis are found: 

Simple back-projection: [D. G. Grant, TOMOSYNTHE 
SIS: A Three-Dimensional Radiographic Imaging 
Technique, IEEE Trans. on Biomed. Eng. 19 (1972), 20—28]: 
As in the classical slice method, by simple summation of the 
projection images an uncorrected reconstruction image is 
obtained. The method is rapid, simple and robust, but yields 
poor image results. Simple heuristic 2D ?lterings of the 
reconstructed tomograms [R. A. J. Groenhuis, R. L. Webber 
and U. E. Ruttimann, ComputeriZed Tomosynthesis of Den 
tal Tissues, Oral Surg. 56 (1983), 206—214] improve the 
image impression, but do not provide image material that 
can be reliably interpreted, and are thus not satisfactory. 

In?uencing of the recording geometry: By the selection of 
the sampling curve, such as eg spirals or threefold concen 
tric circular scanning [U. E. Ruttimann, X. Qi and R. L. 
Webber, An Optimal Synthetic Aperture for Circular 
Tomosynthesis, Med. Phys. 16 (1989), 398—405], the point 
image function can be manipulated. The methods require a 
high mechanical outlay and are in?exible, since the image 
corrections are already determined With the measurement 
data. In addition, only slight image improvements have been 
achieved. 

Iterative methods: [U. E. Ruttimann, R. A. J. Groenhuis 
and R. L. Webber, Restoration of Digital Multiplane Tomo 
synthesis by a Constrained Iteration Method, IEEE Trans. on 
Medical Imaging 3 (1984), 141—148]. With the aid of an 
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iterative reconstruction, in principle the measurement pro 
cess can be ?exibly modeled and corrected by approxima 
tion. The iterative method attempts to invert the point image 
function. Since this is not possible, due to the incomplete 
scanning, secondary conditions must be introduced in order 
to guarantee the unambiguity of the solution. The methods 
achieve good image quality, but are not obvious and are 
dif?cult to use. In particular, the required introduction of 
secondary conditions can strongly falsify the image impres 
sion in an undesired manner. In addition, there are problems 
With the stability of the algorithms, and the computing time 
is prohibitive for a routine application. 

Algebraic methods: For a set of tomograms, the point 
image function is set up slice-by-slice, Which leads to a 
matrix formulation of the point image function. The exact 
inversion of the matrix is not possible, due to the incomplete 
scanning in the tomosynthesis. [J . T. Dobbins, Matrix Inver 
sion Tomosynthesis Improvements in Longitudinal X-Ray 
Slice Imaging, US. Pat. No. 4,903,204, Feb. 20, 1990] 
falsely claims invertibility. This method, hoWever, uses 
multiple subsequent corrections of the reconstruction 
images, Which underlines the inadequacy of his approach. 
No publication of the image results, hoWever, is available. 

Reconstructive ?ltering methods: The present application 
is based on this principle. In the literature various 
approaches can be found, Which can be classi?ed on the 
basis of the space in Which the ?ltering takes place. From the 
theoretical point of vieW, ?ltering in the 3D space of the 
object imaged or in the 2D space of the projection images 
are equivalent. The ?lters to be used can be transformed 
correspondingly. 

Filtering in the 3D Fourier space of the imaged object 
Matsuo, A. IWata, I. Horiba and N. SuZumura, Three 
Dimensional Image Reconstruction by Digital Tomosynthe 
sis Using Inverse Filtering, IEEE Trans. on Medical Imaging 
12 (1993), 307—313]: A?ltering function is de?ned in the 3D 
Fourier space. A 3D reconstruction volume is obtained as a 
set of tomograms by simple back-projection. The recon 
struction volume is transformed into the locus frequency 
space With the aid of the rapid Fourier transformation, and 
is ?ltered in that space and is back-transformed again. The 
method is essentially more computing-intensive than the 
?ltering at the projection images, and is sensitive to dis 
cretiZation and to the siZe of the ?ltered reconstruction 
volume. From the theoretical point of vieW, Matsuo, A. 
IWata, I. Horiba and N. SuZumara, Three-Dimensional 
Image Reconstruction by Digital Tomosynthesis Using 
Inverse Filtering, IEEE Trans. on Medical Imaging 12 
(1993), 307—313] have indeed calculated the correct 3D 
transmission function of the circular tomosynthesis function. 
The modi?cation of the inverse ?ltering function Which is 
selected mirrors the relations of a complete object scanning 
(computed tomography (CT) With surface detector and par 
allel beam approximation). The ?ltering function used cor 
responds to the generally knoWn Shepp-Logan CT ?lter. The 
approach borroWed from CT does not do justice to the 
relations of tomosynthesis, and the image quality cannot be 
optimal. 

Filtering in the 2D Fourier space of the projections 
(?ltered back-projection): In the 2D Fourier space of the 
projections, a ?ltering is de?ned. Using fast Fourier 
transformation, the projection images are successively trans 
formed into the locus frequency space, are ?ltered in that 
space, are back-transformed, and are subsequently calcu 
lated to form a reconstruction image by means of back 
projection. The ?ltering can also be carried out in equivalent 
fashion in the locus region, by means of 2D convolution. 
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4 
The method is essentially faster than the 3D ?ltering, and 
has no arti?cial instabilities due to method parameters. The 
present invention likewise belongs to the class of ?ltered 
back-projections. From the literature, only ectomography [P. 
Edholm, G. Graniund, H. Knutsson and C. Petersson, 
Ectomography—A NeW Radiographic Method for Repro 
ducing a Selected Slice by Varying Thickness, Acta Radio 
logica 21 (1980), 433—442] is knoWn as a representative. In 
ectomography, hoWever, the 2D ?ltering function is set up 
only empirically. The ?lters cannot be designed purposely 
for a particular optimiZation task, and an image 
manipulation, and thus a high image quality, is thus not 
achieved. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a method 
for image reconstruction in Which the image quality of the 
reconstruction image can be manipulated, and is improved 
in relation to the prior art. 
The present invention provides the use of 2D ?lters in the 

?ltered back-projection of the tomosynthesis for the produc 
tion of the reconstruction image. On the basis of an analysis 
of the 3D transmission function, a ?ltering function is 
produced and is applied in the computing means for the 
reconstruction of the image. The entire procedure is divided 
into seven steps: 
1. Calculation of a 3D transmission function Hpmj-(wx,u)y,u)z) 
from the recording geometry for the individual projection 
image recording, and the back-projection of the individual 
projection images into the 3D reconstruction image 
volume, 

2. Approximate inversion of the 3D transmission function 
Hpmj-(uupuuwwz) for the determination of an inversion 
function Hinv(wx,u)y,u)z), 

3. Production of a 3D ?ltering function Hopt(wx,u)y,u)z) 
dependent on one or more desired image characteristics of 
the reconstruction image, 

4. Determination of a resulting 3D ?ltering function H?lm 
(uumwwwz) by multiplication of the 3D ?ltering function 
Hopt(u)x,uuy,u)z) and the inversion function Hinv(u)x,u)y,uuz), 

5. Determination of a 2D ?ltering function H2D?h€n¢(wu,wv) 
from the resulting 3D ?ltering function H?lm uux,u)y,u)Z), 
by coordinate transformation of the 3D object space into 
the 2D projection image space of the respective individual 
projection images, at the projection angle 4), 
after Which the reconstruction of the image takes place in 

the computing means, With the folloWing steps: 
6. Application of the 2D ?ltering function H2D?h€n¢(wu,wv) 

to the associated individual projection image data, 
7. Production of the reconstruction image by back 

projection of the individual projection image data, ?ltered 
according to 6., into the 3D reconstruction image volume. 
The overall 3D transmission function thus results from the 

product of the individual components: 

HopAwX. my, (01) - Hmwx, my, wz) 
3D filtering function to be applied H?l,E,(wX,u/y,u/Z) 

'Hproj(wxa My, 101) 

The object of the invention is also achieved in a procedure 
divided into six steps: 
1. calculation of a 3D transmission function Hpmj-(wxwwwz) 
from the recording geometry for the individual projection 
image recordings, and back-projection of the individual 
projection images into the 3D reconstruction image 
volume, 
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2. Approximate inversion of the 3D transmission function 
Hproj-(wx,u)y,u)z) for the determination of an inversion 
function Hinv(wx,u)y,uuz , 

3. Determination of a 3D ?ltering function Hopt(u)x,uuy,u)z) 
dependent on one or more desired image characteristics of 
the reconstruction image, 

4. Determination of a resulting 3D ?ltering function H?lm 
(uumwwuuz) by multiplication of the 3D ?ltering function 
Hopt(u)x,uuy,u)z) and the inversion function Hinv(wx,u)y,u)z), 
after Which the reconstruction of the image takes place in 

the computing means With the folloWing steps: 
5. Production of the reconstruction image by back 

projection of the individual projection image data into the 
3D reconstruction image volume, 

6. Application of the resulting 3D ?ltering function H?lm 
(uumwwuuz) to the reconstruction image for the ?ltering 
thereof. 
Here, the reconstruction image itself is ?ltered, after its 

production, With the resulting 3D ?ltering function, in 
contrast to the solution previously described, in Which the 
individual projection images are already ?ltered before the 
back-projection. Both methods have in common the appli 
cation of the 3D ?ltering function according to the desired 
image characteristics, so that the reconstruction image 
shoWs the desired image characteristics. 

The invention is suitable for all radiological applications, 
such as imagings of the skull, of the skeletal system and of 
the inner organs, as Well as for applications in nuclear 
medicine With speci?c collimators. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a schematic representation of an inventive 
apparatus for illustrating the data recording process, given 
eg a circular scanning. 

FIGS. 2 and 3 respectively shoW tWo representations for 
the explanation of the Fourier slice theorem, Which is 
essential for the invention, given e.g. circular scanning. 

FIG. 4 shoWs a representation for the illustration of the 
complete and incomplete scanning regions in the locus 
frequency space for a given slice pro?le function, given a 
circular scanning. 

FIG. 5 shoWs the coordinate transformation With a rotat 
ing detector, given a circular scanning. 

FIGS. 6 and 7 illustrate the smoothing of truncated slice 
pro?le functions. 

FIGS. 8 and 9 illustrate the data recording process of the 
linear scanning in a C-arm-like arrangement, With focus and 
detector moved along a circular path (FIG. 8), as Well as in 
an arrangement similar to an X-ray table, With focus and 
detector moved along a straight line (FIG. 9). 

FIGS. 10 and 11 respectively shoW tWo representations 
for explanation of the Fourier slice theorem, for the illus 
tration of the region scanned With a linear recording cycle. 

FIG. 12 shoWs the coordinate transformation for the 
conversion of the 3D coordinates of the object space into the 
2D coordinates of the projection image, given linear scan 
ning. 

FIGS. 13 and 14 illustrate the smoothing of the truncation 
edges of a cut-off slice pro?le function by means of scaling 
in the region of incomplete scanning (FIG. 13) and over the 
entire scanning region (FIG. 14). 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 shoWs a circle 1 on Which an X-ray focus 2 
revolves. An object 3 is imaged (image 6) on a detector 5 by 
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6 
an X-ray beam 4. The image 6 describes a circle 7. The 
detector 5 can, for example, be formed by a matrix of 
semiconductor detector elements Whose output signals cor 
respond to the respectively received beam intensity and are 
supplied to an image computer 9. 

Concerning the above steps 1 to 5 in the ?rst version of 
the invention, or the above steps 1 to 4 of the second version, 
the folloWing is noted: 

Concerning 1 
Calculation of the MTF of the Data Recording and Back 
projection: 

For the circular scanning, the 3D transmission function is 
calculated in cylindrical coordinates as 

2 

in the scanned region 00 éuuptan 0t, 
or as 0 otherWise, 
With (up being the cylindrically radial locus frequency and 

(n, being the locus frequency in the parallel direction to 
the axis of rotation of the X-ray focus. Naturally, 
outside the scanned region the imaging process does 
not supply any image contributions. The boundaries of 
the scanned region result directly from the Fourier slice 
theorem (see FIGS. 2 and 3). FIG. 2 shoWs the pro 
jection of an object at a tomosynthesis angle 0t and a 
projection angle 4), Which corresponds in the 3D Fou 
rier space to a scanning of the object on a plane 
perpendicular to the direction of radiation. The scanned 
plane is hatched. From FIG. 3 it folloWs that an overall 
circular recording cycle scans the object incompletely. 
The region of a double sphere in the 002 direction is 
missing. The scanned region is hatched. 

Concerning 2 
Approximate Inversion of the 3D Transmission Function: 

In the next step, the Weightings of the 3D transmission 
function are to be compensated. An inversion of the MTF is 
hoWever possible only Where it does not vanish. In the case 
of circular scanning, the transmission function can be 
inverted completely Within the scanned region. 

1 in the scanned region 
Hindu)» my, M1) = p 

0 otherwise 

Explicitly, in Cylindrical Radical Coordinates this is: 

sina 

In the scanned region 00 imp-tan 0t and =0 otherWise 

Concerning 3 
Design of a 3D ?ltering According to a Posed OptimiZation 
Task. 

After compensation of the Weigthing of the 3D transmis 
sion function, the imaging is optimiZed With an additional 
3D ?lter. Ideally, the ?ltering has the folloWing aims: 

Formation of a homogenous slice pro?le. 
Spectral image manipulation for matching the image 

quality to the object characteristics that are of interest. 
Damping of high-frequency image portions that mostly 

contribute only to the noise. In particular at the Nyquist 
boundary, the spectrum should be ?ltered to Zero. 
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Due to the incomplete scanning in the tomosynthesis, the 
above goals cannot be achieved Without limitations. The 
formation of a homogenous (i.e. frequency-independent) 
slice pro?le is exactly possible only for high-pass-?ltered 
tomograms. If, in contrast, one is interested in an equal 
Weighting (equilibrium) of the loWer locus frequencies as 
Well, this alWays leads to a strong feed-through of artefacts. 
The compromises are to be accepted depends on the objects 
to be imaged and the requirements of the imaging. Some 
approach strategies are discussed beloW. Independent of the 
posed optimiZation task, Within the scanned region the 3D 
?ltering function should separate formally into a portion of 
the spectral image content Hspectrum((u)x,wy,) and a portion 
Hpro?le?nz) that de?nes the slice pro?le: H0Pt(u)x,u)y)= 

S €Ctmm(u)x,u)y)~Hpm?le?nz) in the scanned region, and =0 
ot erWise. 

The separation is. only formal, because the tWo portions 
are implicitly combined With one another via the scan 
boundaries. 

In order to illustrate the advantages of this approach, the 
2D slice transmission function h((1)x,(1)y|Z) is calculated: 

Due to the limited scanning region, Hpm?le?nz) is implic 
itly dependent on 00x and u) . Since the portion Hpm?le?nz is 
supposed to de?ne the s ice pro?le, We can assume in 
general that Hpm?leQnZ) is a band-limited function: 

Hpm?leQnZ) becomes independent of 002, my When the carrier 
of Hpro?lgwz) is located completely in the scanning region; 
for the circular region this is (see FIG. 4) (up-tan ot>uuZ)mg_x. 

It is thus useful to divide the scanning region into tWo 
ZOI'ICSI 

complete scanning, if the carrier of Hpm?leQnZ) is located 
completely in the scanning region 

incomplete scanning, if the pro?le function Hpm?le(u)z) is 
cut off by the scanning edges. 

The division into complete and incomplete scanning 
depends on the speci?cally selected pro?le function Hpro?le 
(0).) 

For the slice transmission function h((1)x,(1)y|Z), tWo cases 
thus must be distinguished: 

[Jectrum pm?le(z) given complete scanning 

In the example of circular scanning, it can be seen that for 
high locus frequencies (up the slice transmission function 
h((1)x(1)y|Z) separates completely into a portion Hspectmm(uup), 
Which determines the spectral content of the tomograms, and 
a portion hpm?le(z) that de?nes the slice pro?le. For small 
locus frequencies (up, the slice pro?le is dependent on the 
locus frequency up shoWn in the tomogram. A locus 
frequency-dependent slice thickness hpro?le(z|uu ) is typical 
for the incomplete scanning in tomosynthesis. The region of 
a de?ned (frequency-independent) slice pro?le depends on 
the tomosynthesis angle 0t and on the Width (002mm of the 
slice pro?le. For large tomosynthesis angles and thick slices, 
the ?ltered back-projection produces constant slice thick 
ness over broad parts of the locus frequency spectrum. 

Concerning 4. (According to the First Version of 
the Method) 

The resulting ?ltering function H?lm 00x, my, 002) results 
from the product 
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Concerning 5. (According to the First Version of 
the Method) 

Transformation of the 3D Filtering Function into the 2D 
Space of the Projection Images: 
The coordinate transformation depends on the scanning 

geometry, ie on the angle of incidence of the X-ray 
radiation, consisting of the tomosynthesis angle 0t and the 
projection angle 4), and on the type of detector folloWing. 
Subsequently, the coordinate transformation of the circular 
scanning is described. A number of variants of the detector 
folloWing are conceivable; as examples, tWo of them are 
discussed, but other motions are possible. 

a) Rotating Detector: 
The Fourier slice theorem (see FIGS. 2 and 3) indicates 

Which Fourier data Were scanned in the 3D object space by 
means of projection onto a 2D detector. With the same 
theorem, the 3D ?ltering functions can also be transmitted 
from the 3D image space With the coordinates (00x, my, 002) 
back into the 2D projection image With the detector coor 
dinates (00x, my, 002) With components u)“ perpendicular to 
the tangent of the scanning curve, 00v parallel to the tangent 
of the scanning curve, and (on in the direction of the normal 
vector (uun=0). For a detector that is rotated synchronously 
along With the X-ray focus, the detector coordinates trans 
form to (see FIG. 5): 

a), a)” 

my =1) (10%? (—II)- luv 
*3 *2 

(U1 wn 

With tomosynthesis angle 0t and projection angle 4). The 
rotation matrix D2 describes a rotation around the 2-axis 

cosy O —siny 

9 (y) = O l O 

siny O cosy 

the rotation matrix D3 describes a rotation around the 3-axis 

cosy siny O 

—siny cosy O 

O O 1 
193(7) = 

The resulting transformation is explicitly Written: 

a), a)” -cosz1 - cosgo — wv -sin5o 

my : a)” -cosz1-singo + wv - cosgo 

a), —wu -sinz1 

With this transformation, the 3D ?ltering functions can be 
reformulated into 2D ?lters in the space of the projection 
images. The inverse Hinv of the 3D transmission function of 
the circular scanning is equal to 

The Weighting of the 3D transmission function is compen 
sated by means of a ramp ?lter parallel to the tangent of the 
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scanning curve. The formally separating components of the 
additional 3D ?ltering function H?lm transform to 

Hspectrum (03p) _)Hspectrum( V (Du2-cos2uHuV2) 

The components of the 3D ?ltering function no longer 
separate in the 2D Fourier space of the projection images. 

b) Detector With Fixed Orientation: 
In this detector, the transformation equation expands by a 

rotation about the 3-aXis 

a), a)” 

m :D - -D - -D - w y I; so) I; a) qua) v 
wn 

rotatedfilter 

The 2D ?lter of the rotating detector can be taken over, 
but however must be rotated before its application by the 
projection angle 4). 

Concerning 6. (According to the First Version of 
the Method) 

The individual projection image data consist of a set of 
two-dimensional projection irnages p¢(u, v), of Which each 
Was recorded at a projection angle 4). 

For each projection angle 4), the associated projection 
irnage p¢(u, v) is ?ltered, using the corresponding 2D 
?ltering function H2D?hen¢(u)u, uuv)—there for; and to form 
a ?ltered projection irnage p¢(u,v). This can be carried out in 
the following manner: 

Filtering in the spatial domain by convolution of the 
projection irnage p¢(u, v) With the 2D ?ltering function 
h2D?lter,q)(u>V) 

The 2D ?ltering function h2D?her)¢(u,v) of the locus space 
can be calculated by means of Fourier back-transformation 
F-1 of the 2D ?ltering function H2D?her(u)u,u)v) of the locus 
frequency space 

The calculation of the ?ltering function h2D?l’”>¢(u,v) 
need be carried out only once, and the ?ltering function can 
be stored for later applications. 

Filtering in the locus frequency space by means of rnul 
tiplication of the Fourier-transforrned projection irnage 
P¢(u)u,uuv) With the 2D ?ltering function H2D?l’”(uuu, 
00v) and subsequent Fourier back-transformation of the 
?ltered projection irnage 
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Concerning 7. (According to the First Version of 

the Method) 

The 3D reconstruction irnage g(X,y,Z) is calculated by 
back-projection B4, of the ?ltered projection irnages p¢(u,v) 

For the back-projection, generally knoWn standard meth 
ods can be used. 

Concerning 5. (According to the Second Version of 
the Method) 

The individual projection image data consist of a set of 
two-dimensional projection irnages p¢(u,v), of Which each 
Was recorded at a projection angle 4). 

An un?ltered 3D reconstruction irnage gun?hered(x,y,z) is 
calculated by back-projection B4) of the projection irnages 

For the back-projection, generally knoWn standard methods 
can be used. 

Concerning 6 (According to the Second Version of 
the Method) 

The un?ltered 3D reconstruction irnage gun?hered(x,y,z) is 
?ltered With the 3D ?ltering function H?lm wx,wy,u)z). This 
can be carried out in the following manner: 

Filtering in the locus space by convolution of the un?l 
tered 3D reconstruction irnage gun?hered(x,y,z) With the 
3D ?ltering function h?lm(x,y,z) 

The 3D ?ltering function h?lm X,y,Z) of the locus space 
can be calculated by Fourier back-transformation F-1 of the 
3D ?ltering function H?lm wx,wy,u)z) of the locus frequency 
space 

The calculation of the ?ltering function h?lm X,y,Z) need 
be carried out only once, and the ?ltering function can be 
stored for later applications. 

Filtering in the locus frequency space by multiplication of 
the Fourier-transforrned, un?ltered 3D reconstruction 
irnage Gun?lter€d(X,y,Z) With the 3D ?ltering function 
H?her(u)x,u)y,u)z) and subsequent Fourier back 
transforrnation of the ?ltered projection irnage G(u)x, 
wwwz) 

Fourier transformation 
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Filtering Strategies: 
In the following, possible strategies for 3D ?ltering are 

presented. As shoWn above, Which ?ltering appears suitable 
depends on the optimization criteria. 
Exact Reconstruction: 
By an exact reconstruction is meant reconstruction With a 

slice pro?le independent of locus frequency. The slice 
information of an object is then present With a Well-de?ned 
irnage spectrurn. Above, in the calculation of the slice 
transrnission function it Was shoWn that a frequency 
independent slice pro?le can form only When the carrier of 
H her is located completely in the scanned region (FIG. 4). 
In FIG. 4, 11 designates the incomplete region With non 
hornogenous slice pro?le, 12 designates the complete region 
With hornogenous slice pro?le, and 13 designates the scan 
ning boundary. Since this is not ful?lled for loWer locus 
frequencies, the relevant frequency spectrum must be lim 
ited in the radial direction by Hspectmm(u)x,u)y) in such a Way 
that there the scanned region cornpletely contains the carrier 
of Hpm?le?nz). This means a bandpass ?ltering of the torno 
grarns by means of Hspmmm. The loWer boundary of the 
bandpass ?ltering depends on the tornosynthesis angle a and 
on the slice thickness or, respectively, on the boundary 
frequency 002mm of the ?lter cornponent Hpm?le. For the 
circular scanning, this means 

Wz’limir 
tan 

Hspmmmwx, My) E 0 for (mp) < 3 

The image portions in the incornpletely scanned region 
are eliminated With the spectral function for the formation of 
a constant slice pro?le. 
Toleration of the Frequency-dependent Slice Thickness: 

If the blurring artefacts due to slice feed-through of 
loW-locus-frequency irnage portions for the respective appli 
cation are tolerable, the ?lter portions Hspmmm for the 
manipulation of the spectral content of the tornograrns and 
Hpro?le for the approximate formation of a slice pro?le can 
be freely selected. HoWever, it must alWays be taken into 
account that in the incornpletely scanned region the spectral 
content of the tornograrns also depends on the slice pro?le 
and on the siZe of the scanning region (FIG. 4). 

In FIGS. 4, 6 and 7, 11 designates the incomplete region 
(non-hornogenous slice pro?le), 12 designates the complete 
region (hornogenous slice pro?le), and 13 designates the 
scanning boundary. 
Suppression of the Portions With Frequency-dependent Slice 
Pro?le: 

The spectral portion in the tornograrn in the region of 
incomplete scanning With frequency-dependent slice pro?le 
is naturally suppressed by the reduced scanning region (FIG. 
4). The damping is dependent on the distance Z to the slice 
plane, the siZe of the scanned region and the curve of the 
slice pro?le function. For a slice pro?le function norrnaliZed 
in the completely scanned region, given Z=0 the damping of 
the spectral portion is identical to the slice pro?le compo 
nent of the slice transrnission function (see above). 

If this natural suppression is not sufficient, it can be 
supported by an additional damping in the component 
Hspectmm of the 3D ?lter, in order to obtain, by 
approxirnation, a reconstruction With a de?ned slice pro?le. 
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The image portions With locus-frequency-dependent slice 
pro?le in the incornpletely scanned region are Weighted less 
strongly With the special function. 
Equal Weighting of the LoW-frequency Irnage Portions: 
As Was just shoWn, the spectral portion of loW-frequency 

locus frequencies is darnped naturally. This is generally 
advantageous, because by this means the image artefacts due 
to poor depth resolution of loW-frequency structures are 
reduced. If great importance is attached to the representation 
of loW-frequency structures, the ?lter cornponents Hspmmm 
can be normalized by approximation with the integral of the 
?lter cornponent Hpm?le in u), 

For object structures in the slice plane (Z=0), this leads to 
an exact equal Weighting of the loW-frequency irnage por 
tions; for structures outside the slice plane, an equal Weight 
ing can be achieved only approximately. The inherent darnp 
ing of image portions in the incomplete region is 
compensated With the spectral function according to the 
above equation, so that an equal Weighting of all image 
portions is achieved. 
Reduction or avoidance of truncation edges of the ?lter 
cornponent Hpm?le: 

If the 3D transrnission function H has high truncation 
edges in the 002 direction, the slice pro?le develops an 
extensive oscillation characteristic. This has the conse 
quence that after an apparent decaying out of the slice 
feed-through, neW disturbing structures are built up in the 
tornograrn from still further rernoved object slices. This 
oscillation characteristic in the slice pro?le can be avoided 
by means of a smooth, continuous transition of the 3D 
transrnission function at the scanning boundaries, eg using 
the folloWing approaches: 
a) Srnoothing of the truncation edges in the ?lter compo 

nents Hpm?le for the slice pro?le forrnation (FIGS. 6 and 
7) 
By means of a purposive smoothing of the ?lter compo 

nents Hpm?le?nz) at the scanning boundaries, an abrupt 
truncation of the 3D transrnission function can be 
avoided (FIG. 6). The srnoothing leaves the slice thick 
ness and the frequency dependence of the slice pro?le 
alrnost unaffected, and purposively eliminates the 
extensive oscillation characteristic of the slice pro?le. 
A srnoothing can take place by multiplication of the 
?lter cornponent Hpm?le(u)z) With a srnoothed WindoW 
function, in particular in the form of a step function, 
that is equal to one Within the scanning region and at 
the boundaries falls continuously and differentiably to 
Zero. For each radial frequency, the WindoW function 
must be adapted to the current Width of the scanning 
region. An alternative srnoothing possibility is the 
convolution of the ?lter cornponent Hpm?le(u)z) With a 
srnoothed core. The convolution has the disadvantage 
that it also srnooths the slice pro?le in the interior of the 
scanning region. 

b) Scaling of the ?lter cornponent Hpro?le for the slice pro?le 
development: 
By means of a simple scaling of the ?lter cornponent 

Hpm?le?nz), a truncation edge can be reduced in height, 
or can even be avoided cornpletely (see FIG. 7). For 
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circular scanning, the scaling has for example the 
following form: 

If the scanning boundary at (00p) tan(ot) is beloW the deter 
mined boundary or limit (nZJl-mh, the ?lter component Hpro?le 
is compressed at these locations in such a Way that it 
truncated at the scan boundaries With the value 

Hpro le(u)z>limit). If the scaling limit is set wzJl-mfwzmax, the 
3D ltering function disappears. at the scanning boundaries, 
and truncation edges are thus completely avoided. This 
?ltering strategy eliminates the extensive oscillation char 
acteristic of the slice pro?le, at the cost of an increased slice 
thickness. The degree of increase is frequency-dependent, 
and increases as the radial locus frequency decreases. 
c) Combination of smoothing (a) (FIG. 6) and scaling (b) 

(FIG. 7). 
Given a scaling of the ?lter components Hpm?leQnZ) 

(method b) With a limit frequency wz?mitéwzmwc that is 
smaller than the band limitation of the ?lter component 
HWO?IAwZJZ-mL-I), the break-off edge at the scanning boundary 
is only decreased, but not avoided. The remaining truncation 
edge can be smoothed using the methods from (a). 

The invention provides, among other things, an analytical 
concept for the design of 2D ?lters for ?ltered back 
projection in tomosynthesis. In the literature, only empiri 
cally found ?lters are proposed. The connection betWeen 3D 
transmission function, slice pro?le, depth resolution, spec 
tral image content and incomplete scanning is not discussed 
in the literature, or is only hinted at. 

With the neW design, it is possible to convert application 
speci?c requirements on image quality in a purposive man 
ner. If it should turn out that many characteristics of image 
quality can be realiZed only at the expense of others, this can 
be analyZed precisely in the design presented, and a suitable 
compromise can be found. With the analytical design, solu 
tions to neW problems can also be Worked out easily. The 
design is applicable to any scanning geometry, e.g., here it 
has been formulated. for circular scanning, and further 
beloW for linear scanning. It is not important for the prin 
ciple of the method Which speci?c ?ltering functions are 
?nally applied. 

The method is easy to understand and is thus ?exibly 
adaptable to the respective application. The reconstruction is 
relatively fast, and can supply image results on current 
computing equipment in real time. The method achieves a 
de?ned image quality that comprises notable improvements 
in relation to simple back-projection. 

In the folloWing, as an example the embodiment from the 
transmission tomography according to FIG. 1 is described in 
more detail. The ?ltering methods of this invention, 
hoWever, can also be used in other imaging modalities. 

The embodiment for transmission tomography With cir 
cular scanning (FIG. 1) consists of the folloWing compo 
nents: an X-ray source, means for displacing the X-ray 
source With the X-ray focus 2 on the circle 1 in a plane, 
means for ?xing the object 3 to be examined, patient ?xing 
in medical applications, digital planar detector 5 for the 
measurement of the penetrating X-ray radiation opposite the 
transirradiated object 3, and means for displacing the detec 
tor 5 on the circle 7 in a plane. It is advantageous to arrange 
the planes of movement of the X-ray source and the detector 
5 in parallel. The displacement takes place by 180° phase 
offset to that of the X-ray source. 

wZJimit 
(mp) -tanz1 
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A computer 8 is provided for controlling the displacement 

of the X-ray source and the detector 5, for controlling the 
radiation process for controlling the image recording by the 
detector 5 (synchroniZed With the X-ray source), for storing 
the recorded projection images, for the reconstructive recal 
culation of the projection images to form a set of tomograms 
by means of ?ltered back-projection (computer 9), for the 
visualiZation of the image results on a monitor 10, and for 
storing the tomograms. 

For a standard recording, a ?ltering function is selected 
that consists of the folloWing components: 
a) approximate inverse of the transmission function of the 

data recording and back-projection 
in the 3D Fourier space of the object/volume image (in the 

scanned region 00 imp-tan 0t) 

sina 
T - ‘(mg — wg-cotza 

in the 2D Fourier space of the projection image 

b) Portion of the spectral image content 
in the 3D Fourier space of the object/volume image (in the 

scanned region 00 imp-tan 0t) 

for uup<rc~Bv 
and =0 otherWise 

in the 2D Fourier space of the projection image 

Hspectrum(wua M) = 

c) Slice pro?le function 
in the 3D Fourier space of the object/volume image (in the 

scanned region 00 imp-tan 0t) 

- (l + cos 

for uuZ<rc~Bu 
and =0 otherWise 

in the 2D Fourier space of the projection image 

sina 

{I + cos[ wuuD Bu 

The inverse necessarily results from the scanning geometry. 
The portion of the spectral image content is selected so that 
loW-locus-frequency image portions are damped only by the 
incomplete scanning. A so-called “von Hann” WindoW 
serves as a slice pro?le function. 

For each projection angle 4), the associated projection 
image p¢(u,v) is ?ltered using the corresponding 2D ?ltering 
function H2D?lter)¢(uuu,u)v). This is carried out by means of 
?ltering in the locus frequency space by multiplication of the 
Fourier-transformed projection image With the 2D ?ltering 
function H2D?h€n¢(u)u,wv) and subsequent Fourier back 
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transformation of the ?ltered projection image. The 3D 
reconstruction image g(x,y,Z) is calculated by back 
projection of the ?ltered projection images . A generally 
knoWn standard method for back-projection is used, eg a 
voxel-driven back-projector that determines for each voxel 
the corresponding ?ltered projection values, and increments 
the voxel value thereby. 

The invention Was described above in connection With an 
X-ray source having a focus 2 that moves on a circular path 
1 on the one side and a surface detector 5, moved synchro 
nously thereto, on the other side of the measurement region 
for the object 3. It is also possible to move the X-ray focus 
2 on a path that deviates therefrom, eg on a linear path. As 
another alternative, the surface detector 5 can be stationary, 
given a corresponding construction. 

In the folloWing, the reconstruction method is described 
speci?cally for linear scanning With various ?lters adapted 
to speci?c optimiZation tasks. In the context of linear 
scanning, tWo different scan geometries are possible, as 
speci?ed in FIGS. 8 and 9. FIG. 8 shoWs the data recording 
process of linear scanning in a C-arm-like arrangement. 
Here the X-ray focus 14 is moved along a circular are 
segment path 15, and the detector 16 is likeWise moved 
along a circular are segment path 17, but in the opposite 
direction. The object 18, located near the isocenter, is 
transirradiated With an X-ray beam 19, and an image 20 
forms on the detector 16. The control of the motion of the 
X-ray focus 14 and of the detector 16 takes place by means 
of a computer 21. The signals emitted by the matrix detector 
16 are supplied to an image computer 22 that emits the 
image produced to the monitor 23. In the modi?cation 
according to FIG. 9, the X-ray focus 24 and the detector 25 
are moved along tWo straight lines 26, 27, but here as Well 
in the opposite direction. Here as Well, after transirradiation 
of the object 28 With an X-ray beam 29 an image 30 results 
on the detector. Here as Well, a computer (not shoWn) that 
controls the motion is used, as are an image computer and 
a corresponding output monitor. The scan geometry is not 
limited to that just speci?ed; other variants are also con 
ceivable. 

In the folloWing, the points 1 to 5 according to the ?rst 
version of the method are explained in more detail for the 
special case of linear scanning, Whereby the equations are 
numbered, due to the necessity of frequent reference. 
Concerning 1.) Calculation of the MTF of the Data Record 
ing and Back-projection 

In the C-arm-like arrangement (FIG. 8), the X-ray focus 
and detector are moved on a circular arc segment in the XZ 

plane, Whereby at the vertex (middle projection) the tangents 
of the paths are directed parallel to the X axis. The detector 
is alWays oriented perpendicular to the incidence of the 
radiation. In the X-ray-table-like arrangement (FIG. 9), the 
X-ray focus and detector are moved on a straight line 
parallel to the X axis. The detector is alWays oriented parallel 
to the reconstruction slice plane. The scan geometry is not 
limited to that speci?ed; other variants are also possible. 

In addition to the scan arrangements discussed above, the 
types of scanning must still be distinguished: in equi-angle 
distant scanning, the modi?cation of the angle of incidence 
q) of the scan radiation is constant in time (constant angular 
speed). In equi-path-distant scanning, the radiation source 
moves at a speed that is constant in direction and magnitude. 
Equi-angle-distant scanning is typical for the C-arm-like 
arrangement, and equi-path-distant scanning is standardly 
used in X-ray-table-like arrangements. HoWever, these allo 
cations are not absolutely necessary. The 3D transmission 
function in the Fourier space is calculated in parallel beam 
approximation as: 
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equi-angle-distant scanning 

in the scanned region |uuzé|uux|~tan 0t 

and H (W)=0 otherWise. Prof 

equi-path-distant scanning 

1+ (Eq. 2) 

in the scanned region |uuzé|uux|~tan 0t 

and H (W)=0 otherWise. 
Thepboundaries of the scan region result directly from the 

Fourier slice theorem (see FIGS. 10 and 11). The projection 
of an object at an angle 4) corresponds in the 3D Fourier 
space to a scanning of the object on a plane perpendicular to 
the direction of radiation (FIG. 10). An overall linear scan 
cycle scans the object incompletely. The scanned region here 
consists of a double V-formation, symmetrical in the xx 
direction, With an angle of opening 20.. 

Approximation of small tomosynthesis angles 
For small tomosynthesis angles ot<<1, there result the 
approximations otztan 0t, as Well as |uuZ|/u)x|<<1. The trans 
mission functions of the equi-angle-distant and equi-path 
distant scanning thereby approximate a common expression. 

in the scanned region |uuzé|uux|~tan 0t 

and H (W)=0 otherWise. 
Forplajrger tomosynthesis angles a as Well, the above 

approximation is mostly suf?cient, since the errors produced 
thereby are small as a rule in relation to the errors due to the 
incomplete scanning. 
Concerning 2.) Approximate Inversion of the 3D Transmis 
sion Function 
An inversion of the MTF is possible only Where it is 

different from Zero. In the case of linear tomosynthesis, the 
transmission function can be completely inverted Within the 
scanned region. Explicitly, eg for the common expression 
of the equi-angle-distant and equi-path-distant scanning in 
the approximation of small tomosynthesis angles (Eq. 3) 

and 

H i”v($)=0 otherwise (Eq. 4) 

Concerning 3.) Design of a 3D Filtering Function According 
to a Posed OptimiZation Task 
With the additional ?ltering function, the folloWing aims 

can be pursued: 
reduction of ?lter-caused overshootings by sloW screen 

ing out of the contributions at the scan edge With a 
pro?le function Hpm?le?nz) 

in sub-areas, development of a homogenous slice pro?le 
by means of a pro?le function Hpm?leQnZ) 
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spectral image manipulation by means of a spectral func 
tion Hspectrum((’ux>wy) 

Independent of the posed optimization task, the 3D ?l 
tering function should separate formally inside the scanned 
region into the portions of the above pro?le and spectral 
function 

HOPAZJ) : 0 otherwise 

The separation is only formal, since the tWo portions are 
implicitly connected With one another via the scan bound 
aries. The spectral function Will not be discussed further 
here. Its optimiZation tasks and an embodiment have already 
been described above. Some approaches for the pro?le 
function are discussed further beloW. 

Concerning 4.) Determination of a Resulting 3D Filtering 
Function 

The resulting ?ltering function H?her(u)x,u)y,u)z) results 
from the product With 

Concerning 5 Transformation of the 3D Filtering Function 
into the 2D Space of the Projection Images 

With the aid of the Fourier slice theorem (FIG. 10), the 3D 
?ltering function can be transmitted from the 3D image 
space With the coordinates (wx,wy,u)z) into the 2D projection 
image With the detector coordinates (wwuuwuun), With the 
components u)“ and 00v being located in the detector plane, 
u)“ located parallel to the tangent of the scanning curve, 00v 
located perpendicular thereto, and (on pointing in the direc 
tion of the normal vector of the detector plane (FIG. 12). 
Given a projection angle 4), the transformation equation is 

(Eq- 6) 

With the rotation matrix D2 as speci?cation of a rotation 
about the 2-axis 

cosgo O —sin50 (Eq 7) 
DZW) : O l O 

singo O cosgo 

In a C-arm-like arrangement With a sensor perpendicular 
to the direction of radiation, there results for the ?ltering 
function 

alWays located parallel to the reconstruction slice plane, a 
projection-angle-dependent scaling of the coordinate axes 
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must be taken into account due to the oblique incidence of 
the radiation 

(Eq- 9) 

The 2D ?ltering function of the projections from Eq. 8 thus 
becomes: 

Concerning steps 6 and 7, in the linear scanning nothing 
neW results in relation to the general speci?cation. 
Of course, the linear scanning can also be handled With 

the second version of the method. 
Approaches for the Pro?le Function 

In the general speci?cation of the invention, some ?lter 
ing strategies Were discussed independent of the respective 
scan curve. Of course, these can also be used for linear 
tomosynthesis. Here the discussion can be limited to 
approaches that are suitable speci?cally for linear scanning. 
A point of emphasis Will be the reduction of ?lter-caused 
overshootings due to attenuation of the contributions at the 
scan edge. 
(1) Filtering as Image Post-processing 
With a constant pro?le function Hpm?le?nz) 1, the result 

ing 3D ?ltering function in the approximation of small 
tomosynthesis angles (Eq. 4) is independent of the Z com 
ponent of the locus frequency 

H?lter=H?lter((Dx>(Dy) (Eq. 11) 

Thus, the ?lter can also be applied subsequently to the 
reconstruction image obtained by simple back-projection. 
Since the ?ltering function is the same in all tomograms, an 
ef?cient implementation, by approximation, of the 2D ?lter 
can be tried (e.g., formulation of a 2D ?lter kernel in the 
spatial domain With small core length). 
The approach saves considerable computing time, but the 

image impression can be disturbed by strong overshootings. 
The non-constant, rectangular truncation at the scan edges 
can lead to an extensive sinc-shaped oscillation character 
istic of the locus-frequency-dependent slice pro?le in the 
spatial domain. 
(2) Formation of a Homogenous Slice Pro?le (in Sub 
regions) 

For a band-limited pro?le function 

(Eq. 12) 

the scanned locus frequency region is divided into a com 
pletely scanned region and an incompletely scanned region 
(see FIGS. 13, 14) 

|0JX|<0Jz’mM/tan or incomplete scanning 

|0JX|<0Jz’mM/tan or incomplete scanning (Eq. 13) 

In the region of the complete scanning, a homogenous 
slice pro?le forms that is independent of the locus frequency, 
and in the region of the incomplete scanning the pro?le 
function is cut off abruptly at the scan edges. HoWever, the 
relations here are more advantageous than in approach (1), 
since the pro?le function at the scan boundary has already 
decayed to a certain extent. Nonetheless, the remaining jump 
still leads to an extensive oscillation characteristic of the 
slice pro?le. Structures foreign to the slice, from adjacent 












